C hiari malformation type I (CM-I) is a craniocervical junction abnormality marked by elongation and ectopia of the cerebellar tonsils into the spinal canal.
tracellular fluid accumulation. 22 In light of these theories, measurements of cerebellar tonsillar motion are required to better understand their potential contribution to syringomyelia pathogenesis.
The motion of the cerebellar tonsils (caudal in systole and rostral in diastole) was qualitatively described in earlier studies as being greater in CM-I patients using intraoperative ultrasound, 29, 40 presaturation bolus-tracking MRI, 53 and cine phase-contrast (PC) MRI. 59 Tonsillar motion existed in both control subjects and CM-I patients, although at a velocity that was 10 times slower in the control group. 59 Quantitative studies later confirmed significantly increased cerebellar tonsillar pulsation in CM-I patients using gradient recalled acquisition in steady state (GRASS) MRI 44 and steady-state cine MRI. 6, 11 The recent improvements in cine MRI technology have also enabled the first comparisons between CM-I patients with and without syringomyelia. Cousins and Haughton 11 reported cerebellar tonsillar motion to be 22% greater in CM-I patients with syrinx than in those without syrinx (no p values were calculated), whereas Bunck et al. 5 found no significant differences between groups. The small sample sizes of both studies (11 CM-I and 20 CM-I patients, respectively) limited the study power, and both assumed that tonsillar motion only occurs in the superoinferior direction. Whether tonsillar motion "normalizes" following PFD, like CSF flow abnormalities in CM-I, 2, 4, 13, 25, 28 and accompanies subsequent clinical improvement has not previously been quantified and is of interest. Therefore, cerebellar tonsillar motion needs to be better characterized.
Cine balanced fast-field echo (bFFE) MRI is a relatively new steady-state free precession imaging technique that offers fully refocused transverse magnetization. 39 Cine bFFE is suitable for neuroimaging, 36, 45, 55 and specific applications to that manual measurement of cerebellar tonsillar motion demonstrated substantial to near-perfect reliability. 48 Driver et al. 16 assessed cerebellar motion using cine bFFE in a related canine condition, Chiari-like malformation (CLM). Pulsation of the entire neuraxis was observed, and cerebellar movement was significantly greater in CLM animals with syringomyelia than those without syrinxes and the control group.
The magnitude and pattern of cerebellar tonsillar and hindbrain motion in humans with CM-I measured using cine bFFE MRI has not yet been reported. The aim of this study was to measure tonsillar and hindbrain motion in CM-I patients with and without syringomyelia using cine bFFE MRI, explore the associations with clinical features/ surgical outcomes, and discern potential contributions to syringomyelia pathogenesis.
methods
This study analyzed a previously collected set of imaging data using cross-sectional and paired before-and-after comparisons. Ethical approval was obtained from the Macquarie University Human Research Ethics Committee.
participants
The Macquarie University Hospital radiology database was interrogated for craniocervical junction cine bFFE scans. This sequence has been routinely performed at our institution in conjunction with PC and anatomical MR imaging since 2011 on subjects referred for suspected CM-I. Independently verified CM-I diagnosis was based on a tonsillar descent ≥ 5 mm as well as evidence of obstructed CSF spaces. Subjects with basilar invagination were excluded. Sixty-four CM-I patients (mean age 32.7 years; 72% female) and 25 controls (mean age 32.0 years; 68% female) were identified. Of the 64 CM-I patients, 36 had preoperative cine bFFE images: 15 with syringomyelia (mean age 27.9 years; 80% female) and 21 patients without syringomyelia (mean age 34.2 years; 76% female). Syringomyelia was defined as an intramedullary cavity with a maximum dimension of at least 50% of the cord diameter or a cavity with evidence of dissection into the surrounding cord, regardless of the rostrocaudal extent of the cavity. Of these 36 CM-I patients, 19 underwent PFD (suboccipital craniectomy, duraplasty, and C-1 laminectomy) and had both preoperative and postoperative scans. A separate subgroup of 6 patients presented for secondary ("revision") decompressive surgery following clinical and radiological failure of an initial procedure performed elsewhere. Preand post-revision images were available for the patients who underwent resection of the original graft, division of arachnoid adhesions, and insertion of a pericranial dural graft that was secured to a titanium cranioplasty in an effort to prevent retethering of the graft to the cerebellum. All patients presented with suboccipital headaches (although severity and duration varied), Valsalva headaches, sensory disturbances, and dizziness, although no consistent differences in the signs and symptoms existed between groups. Clinical changes after surgery were not analyzed. Syrinx size was recorded as larger, unchanged, or reduced in size.
imaging Sequence
All images were acquired using 3-T MRI (Magnetom; Siemens). Pulse oximetry or electrocardiography triggers were used for retrospective cardiac gating. The cine bFFE sequence was obtained as a single, midsagittal, 4-mm-thick slice with 25 images during the cardiac cycle. Other typical imaging parameters were flip angle 37°, matrix 160 × 240, field of view 140 × 140, TR 39.3 msec, TE 1.77 msec, and in-plane spatial resolution 0.4375 mm 2 . The typical acquisition time for the complete sequence was approximately 3 minutes (2 minutes 30 seconds to 4 minutes 30 seconds) with variations dependent on the subject's heart rate. Cardiac cycles with significant beat-to-beat variability were automatically rejected from the acquisition. Details regarding the individual image frames' relationship to the cardiac cycle were recorded as a percentage of the R-R interval.
data analysis
The cine bFFE sequence was reviewed as a loop. Five anatomical landmarks in the sagittal plane were identified: the tip of the tonsils, the obex, the fastigium of the fourth ventricle, the anterior border of the pontomedullary junction, and the anterior border of the cervicomedullary junction. A representative, single-frame, preoperative, CM-I bFFE image is shown in Fig. 1 with the anatomi-cal landmarks indicated. Motion tracking was performed manually by a single blinded investigator. Automatic contrast adjustment was applied to permit better visualization of the structures. Manual tracking using image analysis software ImageJ (National Institutes of Health) with plugin MTrackJ (Erik Meijering; Erasmus MC) involved identification of the anatomical landmarks in each consecutive frame. Anteroposterior (AP) and superoinferior (SI) movement were measured for all anatomical landmarks as an average of 3 readings.
The following features were measured from the displacement-time plots: maximal cranial and caudal displacement relative to the initial position; and amount of displacement and timing of these features relative to the cardiac cycle (percent of R-R interval). The portion of the cardiac cycle spent caudally displaced relative to initial tonsillar position was calculated by linear interpolation. The velocity of tonsillar motion was calculated using consecutive magnitudes of displacement (velocity = Ddistance/ Dtime). Maximum cranial and caudal tonsillar velocities and respective timings relative to the cardiac cycle were noted.
The distance (l) between the fastigium of the fourth ventricle (x 1 , y 1 ) and tip of the tonsils (x 2 , y 2 ) was measured over the cardiac cycle in order to characterize tonsillar tissue deformation (Eq. 1).
(Eq. 1)
The change in this length (Dl) was divided by the initial length (l 0 ) to calculate tonsillar tissue strain (Strain = Dl/l 0 ).
The presence of suboccipital headaches, headache worsening with Valsalva maneuvers, sensory disturbance, and dizziness were noted at the time of presentation and collated from the clinical files.
The degree of tonsillar herniation was measured perpendicularly from the tip of the tonsils to the basion-opisthion line for each CM-I patient. Imaging alignment was verified by calculating the degree of neck flexion. This was determined by the angulation of the odontoid process, as measured counter-clockwise from the horizontal plane.
Statistical analysis
Statistical analysis was performed using SPSS 21.0 (IBM). One-way ANOVA was performed for each motion, timing, velocity, strain, and neck flexion parameter. To test the effect of surgical intervention and CM-I status, control subjects were compared with the pre-and postoperative CM-I groups. To test the effect of syringomyelia, the control subjects were compared with the CM-I with syringomyelia and CM-I without syringomyelia groups. Significant effects in the ANOVA models were investigated with Bonferroni post hoc test of multiple comparisons in order to identify significant differences between individual groups.
Separate paired t-tests were used to compare pre-and postoperative scans from the same patient (n = 19) and pre-and post-revision scans from the same patient (n = 6). Unpaired t-tests were performed to examine the association between tonsillar velocity or tissue strain and presenting symptoms. Unpaired t-tests were also used to compare degree of tonsillar herniation between CM-I patients with and without syringomyelia. Data are presented as the mean ± SD, and p < 0.05 was considered statistically significant.
results
All syrinx cavities were larger than 50% of the cord diameter and ranged from 2 spinal levels to extensive holocord cavities. Syrinx size was reduced in all patients who were managed surgically, including the 5 revision surgery patients who presented with recurrent syringomyelia.
There was no significant difference in the magnitude of tonsillar herniation between CM-I patients with and without syringes (11.5 ± 5.2 mm vs 9.6 ± 6.0 mm; p = 0.322, unpaired t-test). The angulation of the odontoid process did not differ significantly between the controls and either CM-I group (controls 84.00° ± 5.43°,CM-I with syrinx 84.72° ± 4.73°,CM-I without syrinx 84.94° ± 7.12°; p = 0.909, 1-way ANOVA).
cerebellar tonsillar and hindbrain motion
Sagittal cine bFFE MRI sequences permitted clear visualization of cerebellar tonsillar and hindbrain motion in all subjects. A set of typical paired patient preoperative and postoperative cine bFFE sequences are provided as Video 1 and Video 2, respectively. The manual tracking method produced high reliability with a Cronbach's alpha value of 0.831, which is comparable to results of the validation study by Sharma et al. 48 
effect of cm-i on motion
All tracked anatomical points moved periodically during the cardiac cycle in both the AP and SI directions. Motion was greater in CM-I patients than controls for all landmarks in both the AP and SI directions ( Table 1 ). Figure 2 shows the movement of the tip of the cerebellar tonsils was 0.34 mm (136%) greater in the AP direction (p < 0.001) and 0.49 mm (163%) greater in the SI direction (p < 0.001) for preoperative CM-I patients in comparison with controls.
effect of pFd Surgery on motion
The cross-sectional results, illustrated in (Tables 1 and 2 ).
In the subgroup of patients with paired pre-and postoperative scans (n = 19), a significant reduction in cerebellar tonsillar motion was observed in the AP (0.76 ± 0.28 mm vs 0.42 ± 0.19 mm; p < 0.001) and SI (0.99 ± 0.36 mm vs 0.51 ± 0.21 mm; p < 0.001) directions. A similar relationship existed for the other 4 anatomical landmarks in both directions (AP and SI) as illustrated in Fig. 3 .
In the subgroup of patients undergoing revision PFD, no significant difference in cerebellar tonsillar motion was apparent before and after the second procedure in the AP (0.47 ± 0.36 mm vs 0.43 ± 0.30 mm; p = 0.432) or SI (0.68 ± 0.49 mm vs 0.53 ± 0.35 mm; p = 0.153) directions. A similar relationship existed for the 4 other landmarks in both directions (AP and SI).
motion in Syringomyelia patients
The presence of a syrinx had no effect on the displacement of the 5 tracked anatomical landmarks in both the AP and SI directions. Cerebellar tonsillar motion in the SI direction averaged 0.81 ± 0.47 mm for CM-I patients with syringomyelia and 0.88 ± 0.40 mm for CM-I patients without syringomyelia (p = 0.57).
Timing of Tonsillar Motion
CM-I, syringomyelia, and operative status had no effect on the timing of maximum cranial or caudal tonsillar displacement or relative time spent caudally displaced.
Velocity of Tonsillar Motion
CM-I patients without syringomyelia had faster maxi- Tonsillar Tissue Strain Figure 4 shows that the tissue strain on the cerebellar tonsils was significantly greater in preoperative CM-I patients than in controls (p = 0.001). Tissue strain was reduced significantly postoperatively (p = 0.003) to levels similar to those in the control group. Tonsillar tissue strain was not significantly different between CM-I patients with and without syringomyelia.
Tonsillar tissue strain was significantly higher in the subgroup of CM-I patients reporting Valsalva headaches than those without (0.015 ± 0.007 vs 0.009 ± 0.006; p = 0.03). The presence of suboccipital headaches, sensory disturbance, and dizziness was not associated with tissue strain.
discussion
This study provides the first quantitative evidence that cerebellar tonsillar and hindbrain motion reduces and "normalizes" after PFD. The extent of tonsillar pulsation was not significantly different between CM-I patients with and without syringomyelia.
cerebellar tonsillar motion in cm-i patients and controls
The results of this study confirm greater cerebellar tonsillar and hindbrain motion in CM-I patients (regardless of syringomyelia status) in comparison with controls. This motion occurred in both the AP and SI directions and was most pronounced for SI displacement of the tip of the tonsils. Tonsillar and hindbrain motion may be explained by the Monro-Kellie doctrine of constant total intracranial volume. 23 In control subjects, normal systolic brain expansion (as cardiac output reaches the calvaria) is accommodated by caudal CSF flow. In CM-I patients, a small posterior cranial fossa results in tonsillar herniation and the obstruction of CSF flow at the foramen magnum; therefore, brain expansion must be (partially) accommodated by other means such as inferior displacement of the cerebellar tonsillar tissue. 25, 40 Our findings are in agreement with those of other intraoperative ultrasound 29, 40 and MRI studies in humans. 11, 44, 48, 53, 59 However, in the somewhat analogous canine CLM, only a subgroup of the CLM animals (those with syringomyelia) demonstrated significantly increased motion over control animals. 16 Whether differences between the human and canine conditions or differences between dog breeds (control group) explain these differences is unknown. Since tonsillar ectopia length (the current CM-I diagnostic marker) correlates poorly with clinical symptoms, 57 further studies should investigate if cerebellar tonsillar motion may have use as an adjunct marker of CM-I.
effect of Surgery on tonsillar motion
Our results suggest that cerebellar tonsillar and hindbrain motion is reduced following PFD. This was confirmed by a significant reduction in postoperative motion (across all landmarks) seen with the paired analysis of patients with both pre-and postoperative scans. Interestingly, of all landmarks, despite a reduction, only postoperative tonsillar motion (and not those of the other 4 anatomical landmarks) remained elevated above control levels. To the best of our knowledge, this is the first quantification of cerebellar tonsillar motion postsurgery. These observations complement qualitative intraoperative ultrasound studies describing reductions in tonsillar pulsation following dural opening. 25, 40 CM-I is associated with a small posterior fossa volume, 3, 38, 51, 54 and, since PFD normalizes both cerebellar tonsillar shape 25, 42 and motion (current study), this suggests that both occur secondary to an underdeveloped posterior fossa. Interestingly, in our subset of patients undergoing revision PFD (after clinical and radiological failure of the original PFD surgery), no significant difference in tonsillar motion was noted after the second (clinically successful) procedure. This may be the result of adhesions that arise from the initial surgery limiting tonsillar movement. While Heiss et al. 26 reported reduced tonsillar pulsation in this category of patients using intraoperative ultrasound at the second surgery, the possible influence of anesthesia and different extent of adhesions is unknown. Cerebellar tonsillar motion reduces after surgery and may be a tool for pre-and intraoperative tailoring of surgical intervention. Prospective studies should assess its predictive capacity for surgical success and clinical outcomes.
association Between cerebellar tonsillar motion and Syringomyelia
This study identified no significant quantitative differences in the degree or timing of cerebellar tonsillar pulsation between CM-I patients with and without a syrinx. Tonsillar motion reflects displaced volume from the cranial cavity during the cardiac cycle and is a balance of 2 parameters: cranial volume and cardiac output (to the cranium). Morphometric and anatomical studies indicate no differences in cranial volume between CM-I patients with and without syringes, as demonstrated by similar degrees of crowding (reflected by the posterior fossa/intracranial volume ratio), 54 cross-sectional CSF area at the foramen magnum, 5 and degree of tonsillar ectopia (as demonstrated in the current study). 5, 34 No anecdotal or experimental data suggest that cardiac output differs between CM-I patients with and without syringomyelia. Therefore, assuming similar cardiac input to the cranium, no difference in (cerebellar tonsillar) volume displaced is expected. These findings are consistent with those in other studies in humans that report no significant differences in tonsillar pulsation between CM-I patients with and without syringomyelia using GRASS PC, 44 fast imaging employing steady-state acquisition (FIESTA), 11 and cine bFFE MRI.
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In contrast, a canine bFFE study of the somewhat analogous condition, CLM, documented increased cerebellar motion in CLM dogs with syringomyelia in comparison with CLM dogs without syringomyelia. 16 Whether anesthesia or other differences between humans and dogs influenced these findings is unclear. Different degrees of head flexion are known to alter cerebellar herniation length in CLM, 56 and it is unknown if this is true for CM-I or cerebellar tonsillar motion in humans. Different degrees of head flexion between (but not within) our subjects in comparison with Driver et al.'s canine groups may also account for the dissimilar results. Interestingly, the average tonsillar motion (CLM/CM-I with syrinx values given) was much greater and more variable in dogs (4.18 ± 2.63 mm according to Driver et al. 16 ) than that in humans (current study 0.81 ± 0.47 mm; Bunck et al. 5 1.0 ± 0.6 mm; Cousins and Haughton 11 0.61 ± 0.03 mm) despite similar or smaller degrees of herniation. 12, 14, 31 Whether increased cerebellar motion has a different effect on the canine system is unknown. Morphometric studies further suggest a probable difference between human and canine conditions. CLM canines with syringomyelia display shallower caudal cranial fossa measurements, 7 overcrowding of the caudal cranial fossa by an increased cerebellar volume, 49 and greater volume of brain parenchyma situated in the caudal cranial fossa 15 than CLM canines without syringomyelia. Limited morphometric studies in humans have not made such associations with syringomyelia. 42, 54, 60 It is therefore unknown how applicable and analogous canine CLM is to CM-I in humans and if the contributions of cerebellar pulsations to syringomyelia pathogenesis are similar.
The findings of this study suggest that cerebellar tonsillar pulsation is greater in CM-I patients, but not associated with syringomyelia. These results call into question whether tonsillar motion alone plays a major role in syringomyelia pathogenesis. Oldfield et al. 40 and Greitz 22 both proposed theories of syringomyelia pathogenesis, in which cerebellar tonsillar motion is one of the key driving factors. The Oldfield "piston" theory speculates that exaggerated tonsillar "thrust" imparts large CSF pressure waves into the SSAS, which pushes CSF into the cord via perivascular spaces. 40 The Greitz intramedullary pulse pressure theory speculates that exaggerated tonsillar motion narrows the foramen magnum and induces the Venturi effect, which distends the spinal cord and encourages extracellular fluid accumulation. 22 The finding that there is no difference in the degree or timing of tonsillar motion between CM-I patients with and without syringomyelia suggests that this alone is not the differentiating factor. The results, therefore, suggest that it is unlikely that cerebellar tonsillar motion plays a key role in syrinx pathogenesis in the absence of systematic differences in SSAS compliance.
For the proposed theories to be confirmed, similar degrees of tonsillar motion must impart greater CSF pressures in patients who develop syringomyelia. Mechanically, this would require lower SSAS compliance in CM-I patients who develop syringes than in those who do not. Measures of CSF pressures and SSAS compliance would be useful for further testing of these theories. Furthermore, it is possible that cerebellar tonsillar motion may have differed between syringomyelia and nonsyringomyelia CM-I patients early in syrinx formation, but this could not be evaluated within the design of the current study. No anecdotal or experimental observations suggest that tonsillar motion changes over time, although this has been speculated in canine CLM. 16 Longitudinal studies that follow CM-I patients as they develop syringomyelia may provide insight into whether any changes to cerebellar motion occur with time and whether this contributes to syringomyelia pathogenesis.
association Between cerebellar tonsillar Velocity and Syringomyelia
The results presented here indicate that CM-I patients without syringomyelia have significantly faster peak caudal tonsillar velocity than controls. CM-I patients with syringomyelia, however, did not differ significantly from either group. The differences in maximum caudal tonsillar velocity may reflect SSAS resistance to tonsillar displacement. In CM-I patients without syringomyelia, there is relatively normal anatomy caudal to the foramen magnum. With each cardiac systole, sudden volume displacement in the calvaria induces rapid "thrust" of the tonsils and thus a heightened maximum tonsillar velocity. In CM-I patients with syringomyelia, the presence of a syrinx increases the cross-sectional area of the spinal cord 27 and reduces the size of the SSAS, thereby increasing resistance in the SSAS. During cardiac systole, tonsillar motion meets this resistance and achieves a lower maximum velocity. Interestingly, the phenomenon in which CM-I patients without syringomyelia differ more from controls than CM-I patients with syringomyelia has also been reported in terms of various CSF flow parameters. 9, 10 Further studies are needed to assess if these tonsillar velocity findings are (causally) associated with CSF findings and if any implications exist for syringomyelia pathogenesis.
tonsillar tissue Strain and Strain rate
This study also found greater cerebellar tonsillar tissue deformation (strain) in CM-I patients, which reduces to control levels following PFD. Tonsillar motion, therefore, involves deformation and stretching of tonsillar tissue during each cardiac cycle rather than just simple SI displacement. Mechanical deformation of the tonsils or associated structures may be a mechanism underlying some of the clinical features of CM-I, although this has not been previously examined. In support of this, we found an as-sociation between Valsalva-induced headaches, strain, and tonsillar velocity. Several theories explaining the pathophysiology of Valsalva headaches have been proposed, including transient craniospinal pressure dissociation that irritates the arachnoid and tonsillar blood vessels, 58 compression of the C1 and C2 nerve roots by further herniation of the cerebellar tonsils during Valsalva maneuvers, 41 reduced CSF compliance due to a small posterior cranial fossa volume, 34 and raised intrathecal pressures that stretch the spinal dura. 46 While our study was not designed to explore these aspects, our results suggest a possible role of mechanical strain in Valsalva headache pathophysiology. Biomechanical studies have demonstrated that tissue damage is both strain magnitude and strain rate dependent. 20, 35 Imaging studies have reported exaggerated brainstem motion during Valsalva maneuvers. 32 Our results suggest that CM-I patients who develop Valsalva headaches have higher resting tonsillar tissue strains and caudal tonsillar velocities than CM-I patients without Valsalva headaches. During the Valsalva maneuvers, the added strain acting on the tonsillar tissue or associated vessels and nerves may be sufficient to exceed a threshold, leading to headache in the former but not the latter group. Prospective studies should further assess tonsillar tissue strain and deformation in different directions and investigate if other adjacent structures (e.g., vessels, nerves) are subject to the same stresses.
limitations
In interpreting the results of this study, it is important to consider its limitations and assumptions. First, while the current study has demonstrated increased cerebellar tonsillar motion in CM-I patients in comparison with controls, the control group was not comprised of age-and sex-matched healthy volunteers. However, there were no significant differences in the baseline characteristics between the groups (age, sex, degree of head flexion), and the control subjects were assessed to be without any structural or CSF abnormalities by an independent radiologist. Second, the cross-sectional nature of this study did not allow us to characterize if cerebellar tonsillar motion changed over the course of the condition. Although no differences in tonsillar motion were detected between CM-I patients with and without syringomyelia at the time of these scans, it is possible a difference may have existed earlier during syrinx formation. We were also unable to follow up patients to observe if syringomyelia developed at a later date. However, our results were consistent with other studies and, to date, no evidence shows that tonsillar motion changes over time. Third, the association between tonsillar motion and severity and duration of clinical outcomes could not be assessed in this study. CM-I with and without syringomyelia has a variable clinical presentation, 18, 21, 34, 47 and no valid tool exists to measure this. A validated and reliable Chiari-specific outcome tool, such as that being developed by Mueller and Oro, 37 may allow these associations to be investigated in future studies. This may also provide insight into the future utility of cerebellar tonsillar motion for predicting patient response to surgery, or for tailoring surgical procedures. Fourth, the cine bFFE images used in this study were peripherally triggered, and thus variable lengths of trigger delay may have affected the accuracy of the timing parameters despite reporting them as portion of the R-R cardiac interval. Electrocardiographic gating in future prospective studies may be considered. Finally, several theories of syringomyelia pathogenesis postulate that cerebellar tonsillar motion alters CSF flow and pressure patterns, 22, 40 and thus concurrent measurement of tonsillar motion and CSF flow is warranted. The retrospective nature of this current study meant that the CSF flow images were of insufficient quality and consistency for flow measurements to be confidently made despite our original intent. While differences in CSF flow velocity 5, 10, 24, 30 and timing 2, 5, 10, 17, 30 have been well documented, their relationship with tonsillar motion is of interest and should be investigated with future prospective studies.
conclusions
This study characterized cerebellar tonsillar and hindbrain motion in CM-I patients with and without syringomyelia. CM-I patients had exaggerated tonsillar and hindbrain motion, which were reduced postoperatively to near control levels. There was no difference in the timing or magnitude of motion between CM-I patients with and without syringomyelia. These findings suggest that cerebellar tonsillar motion alone is not the driver of syrinx formation, adding more understanding to current theories of pathogenesis. Increased tonsillar tissue strain and strain rates may underlie the pathophysiology of Valsalva headaches in CM-I. This study has also demonstrated the robustness and utility of cine bFFE techniques when applied routinely in the clinical setting.
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